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MOS Switched Capacitor Ladder Filters

DAVID J. ALLSTOT, MEMBER, 1EXE, ROBERT W. BRODERSEN, MEMBER, IEEE,
AND PAUL R, GRAY, SENIOR MEMBER,, IEEE

nique for designing precision, fully integrated,
'A b“’g:: ;'l‘:tef: :&'Itfgc?ta:dard MOS technology is described. Switched
hlg::i’:or integrators have been used to @he long til.ne cc‘!‘nstants Iﬂ
capau areas, and by interconnecting these integrators in a “leapfrog
:;nﬁgmaat‘izn, monolithic high-order filters ?'lave been implement?.d
with transfer functions that are very insensitive to component varia-
tions. Experimental results are grﬁenwd for an NMPS fifth-order
Chebyshev low-pass ladder filter with 0.1-dB passband ripple, 2 cutoff
frequency of 3.4 kHz when clocked .at 128 !cH‘z, and a dyn?mzc range
of 83 dB. An efficient method for nmplmfentmg transmission zeros is
also presented, along with a complete desa.gn_example, and additional
experimental resufts for 2 third-order elliptic low-pass I'ad‘dex. filter
which achieved 90-dB dynamit_: ;mge, with a total power dissipation of
18 mW in a die area of 4400 miil®.

I. INTRODUCTION

RECISION high-order -filters are widely used in.vai'ious

types of electronic equipment sucI-x as te:Iecommumc'atlons
and other voice-band systems. MPnohtIuc lmp.:len}entatmn of
these low-frequency filters requires the rgalmat:or'l of long
time constants in small silicon ﬁfeas, and the reahza:uo-n of
transfer functions that are insensmve. to parameter variations.
In addition, it is desirable to ob'fam very precise responses
without external trimming operations. Cf)nventlonal active
filters implemented with thin-film or hybrid technqlogxfzs do
not meet these requiren}lents, and therefore are not smtable

ications [1}].
fo;zzﬁ{lffiﬁ‘;se objcfctives have been rea'lized in a mono-
lithic implementation using a compatible bipolar/IFET tech-
nology {2]. Although excel!ent results hajfe been obtained,
this approach requires relatively Ia_rge C.hlp areas for_ low-
frequency applications, and the re_qt.nred blPOIaI process is not
directly compatible withﬁdeﬁse digital logic which is needed
stem applications. :

foﬁiﬁrﬁiiﬁisiﬂg minolithic filtering approach uses charge-
transfer devices (CTD’s) to implement sampled-data‘x tra.nsversal
filters [3]. In general, this approach has :cwo main disadvan-
tages: 1) The large insertion loss (which is typically 20 dB)
limits the available dynamic range [4}1 and 2) tlfe low sampl{ng
rates relative to the passband frequencies complicate the dtes1gn
of the continuous-time antialiasing prefiiter [5]. If higher
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clock frequencies are used relative to the passband frequencies
in order to reduce the prefilter requirements, more CTD stages
are required, which further reduces the dynamic range and in-
creases the silicon area requirements.

In the 1960°s and early 1970%, filtering by using switches
and capacitors was investigated theoretically [6], [7]. At
that time, a suitable integrated-circuit technology did not
exist which could efficiently realize these filters, Recent work
using analog sampled-data® techniques has demonstrated the
viability of MOS technology for implementing second-order
filters. One approach implements an MOS sampled-data
equivalent of a direct-form second-order digital filter section
[8]. This approach has a relatively high sensitivity of the
transfer function to component variations with the additional
disadvantage that the sensitivity increases as the ratio of the
sampling rate to passband frequencies increases. Hence, there
is 2 tradeoff between the sensitivity properties of the direct-
form sampled-data filter, and the réquirements for the
continuous-time antialiasing prefilter. More recent approaches
implement sampled-data versions of second-order or biquad
active filters using switched capacitors to simulate resistors
[91-[11]. A major advantage of this approach is that the
sensitivity of the response of these filters decreases with in-
creasing clock frequency, in contrast to the direct-form
implementation. Unfortunately, high-order filters realized by
cascading these second-order sections can be too sensitive to
component variations to meet high-precision filtering
requirements.

In this paper, “leapfrog” or “active ladder” analog sampled-
data recursive filters are described which have heen used to
implement high-order filters with transfer functions that have -
very low sensitivity to component variations as compared to
cascade realizations. When implemented in standard MOS
technology, these filters achieve a very precise response with
wide dynamic range while requiring small chip area, low power
dissipation, and relatively low-performance operational ampli-
fiers [12). The low sensitivity of these ladder filters is, to a
first order, independent of the sampling frequency, Thus, the
antialiasing prefilter requirements are greatly reduced (com-
pared to the CTD and direct-form approaches) by operating
the filters at clock frequencies which are many times greater
than the passband frequencies,

II. SWITCHED CAPACITOR INTEGRATORS

Conventional filtering approaches used to implement audio
and other low-frequency filters would require RC differential
integrators, as in Fig. 1(a), with long time constants [13]. If

((18-9200/78/1200-0806300.75 © 1978 IEEE




[ITIE OIS A

v

=y

W o ip ©

ALLSTOT er al.: MOS SWITCHED CAPACITOR LADDER FILTERS

V =
V; ° >——o VOUT

. - B :
Fig. 1. (a) A conventional differential RC integrator.
: capacitor differential integrator.

(b) A switched

the time constants were realized monolithically as RC products,
large amounts of chip area would be required. Another dis-
advantage of this approach is that in order to insure reproduci-
bility, the absolute values of both R and C must be tightly
controlled, which is extremely difficult for typical tempera-
ture and processing variations.

These problems are overcome by using the switched capaci-
tor circuit shown in Fig. 1(b) which, when the ratio of the
sampling frequency to the maximum passband frequency is
large, closely approximates the conventiona! differential inte-
grator of Fig. 1{a) [9], [10]. The differential switched
capacitor integrator is operated with two-phase nonoverlapping
clocks. During the sample phase, the switches are thrown to
the left, and the difference between voltages V|, and ¥V, is
sampled and stored on C,. During the integration phase, the
switches are thrown to the right, and the difference voltage is
scaled and stored on 7. By switching C, at a high clock rate
[ relative to the passhand frequencies, an equivalent resistance
is obtained of value

1 .
REQ=chu ' ‘ 1)

resulting in an integrator gain constant of

_ 1
wD_REQC fe (CI) R )

The switched capacitor realizes a very large resistance in a
very small chip area. For example, from {1), it can be s¢en
that by switching a 1-pF capacitor at 100 kHz, an equivalent
resistance of 10 MQ is realized in an area of only about 5 mil®
for C, plus a few additional square mils for the minimum-
geometry MOSFET switch transistors. If this equivalent
resistor is used in conjunction with Cy = 10C,,, a gain constant
of 10* rad/s is obtained. Since the gain constant in’ {2) is
determined by a ratio of monolithic capacitors, high matching
a..uracy and excellent temnperature stability are obtained in
n...:olithic MOS implementations [9]~[12].

III. ACTIVE LADDER (““LEAPFROG’’) FILTERS

In this section, the sensitivity properties of doubly termi-
nated RLC ladder filters will be reviewed, and a method will

in Cs.
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Fig. 2. (a) An RLC doubly terminated fifth-order all-pole Iow-pass
filter. (b) The nominal passband frequency response. (c) Deviations
in the passband due to variations in 5.

be presented for transforming these passivé networks into
active ladder equivalents using switched capacitor integrators.

A. Sensitivity of Doubly Terminated RLC Ladder-Filters

The classical doubly terminated RLC ladder network shown
in Fig. 2(a) has a transfer function which has yery low sensi-
tivity in the passband to reactive element variations [15]. In
fact, at those frequencies where a maximum power transfer
condition exists, the sensitivity is actually zero for changes in
these element values. )

The low sensitivity is illustrated by considering a specific
example. The fifth-order RLC low-pass ladder filter of Fig.
2(a) has been frequency scaled to realize a Chebyshev response
with 0.1-dB nominal passband ripple and a nominal cutoff
frequency of 3.4 kHz as shown in Fig. 2(b) [16]. The transfer
function of this particular filter is most sensitive to variations
Fig. 2(c) shows the simulated passband deviation from
the nominal désign for a +1-percent varation in C;. At those
frequencies where the filter response of Fig. 2(b) has a gain of
-6 dB, indicating maximum power transfer, the passband
deviation and hence the sensitivity is zero. The sensitivity
across the entire passband is very low since a +1-percent varia-
tion in Cy results in a maximum passband deviation of only
%0.015 dB.

B. Synthesis of Active Ladder Filters

Fig. 3(a) shows a typical section of an RLC ladder network
containing a single inductor L, , and a single capacitor C3, The
current through the inductor is

]
L=0-

which can be represented as a voltage

v, = ;;’;(Vl - 7 3)

. R
V; =RI, =E-(V1 -V3) (4)

where R is a scaling resistance used to convert currents to
voltages which can usually be set equal to 1 2. From (4), it is
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Fig. 3. (a) A section of an RLC ladder network. (b) The active ladder
equivalent formed from switched capacitor differential integrators,

seen that ¥; is the output of a differential integrator which
can be implemented as the switched capacitor integrator
labeled L, in Fig. 3(b). The capacitance ratio for this switched
capacitor integrator depends directly on the value of £, and is

given by

G, fela )
Cy Weo

where 'wco is the desired cutoff frequency of the filter, f, is
the sampling rate, and £, is determined from standard tables

which are normalized fer a cutoff frequency of 1 rad/s [16]."

Similarly, the voltage across the capacitor C; is

1 1

#——fy 3 — (-1

Vs G Uz~ 1)

which can be converted to an equivalent all-voltage form of

" 1
VaﬁsRCa, RC, (Va-Vs) | @)
where R may again equal 1 £. ¥, is the output of an integra-
tor, labeled C; in Fig. 3(b), with a capacitance ratio of

Co, 1:Cs

Cu Weo ]
Notice that the capacitar ratio again depends directly on the
value of the reactive element value C3. Because of this one-to-
one correspondence between the integrator capacitor ratios
(gain constants) and the reactive element values, the switched
capacitor active ladder filter. will retain nearly the same low
sensitivity as the passive RLC prototype from which it was
derived. This transformation procedure can be used to con-
struct the complete active ladder equivalent for any RLC
doubly terminated passive ladder network. For example, the
fifth-order all-pole RLC tow-pass filter of Fig. 2(a) has been
transformed to its complete switched capacitor leapfrog
equivalent shown in Fig. 4. An important point to note is that
the clock phasing of adjacent integrators must be alternated to

®

(Rl - Rly)=

®
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Fig. 4. A switched capacitor fifth-order dl-pole low-pass ladder
equivalent of the RLC filter of Fig. 2(a).

eliminate excess phase shift in order to preserve the desired
low sensitivity [17]. In Section V., acomplete design example
including transmission zeros is given to illustrate the proce-
dures described in this section,

IV. PraCTICAL CONSIDERATIONS FOR
IC IMPLEMENTATIONS

As described in the previous section, passive doubly termi-
nated RLC networks can be converted to active ladder equiva-
lents composed of MOS capacitors, switches, and operational
amplifiers (opamps). Nonidealities associated with these com-
ponents can affect the performance of switched capacitor
iadder filters. In this section, the effects that these nonideal:-
ties have on the response of the filter will be presented.

A Amplifier DC Offset Voitage

Fig. 4 shows that the gain around all two-integrator loops
and all termination loops is negative, which defines a stable
bias point even in the presence of opamp de offset voltage. In
terms of the overall filter, the individual opamp offsets con-
tribute to a dc offset voltage at the output of the filter which
is given by

i=n
Z VO’S:

_ =0
2

Vos =
where n is the total number of integrating stages, and
the dc offset voltage of the ith operational amplifier.

®

Vos; is

B. Amplifier Open-Loop DC Gain

A switched capacitor integrator is implemented using a dif-
ferential amplifier, which, in the case of Fig. 5(a), has an
open-loop dec gain of 4. Ideally, A is infinite, and the inte-
grator has a pole at the origin of the s piane, as shown in Fig.
S(b). However, if 4 is finite, the effect is to produce a lossy
integrator by moving the pole away from the imaginary axis
as indicated by the arrow. Fig. 5(c) shows the simulated ef-
fect that opamp dc gain varations have on the frequency
response of a fifth-order Chebyshev low-pass filter which has
the nominal response of Fig. 2(b). In the lower trace, all five
opamps have an open-loop gain of 100. In this case, the filter
has a dc gain error of 0.22 dB with z passband droop of 0.09
dB due to the poles being pushed away from the imaginary
axis. In the upper trace of Fig. 5(c), all five opamps have an
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Fig. 5. (a)_A switched capacitor integrator with opamp gain of 4.
(b) The integrator pole positions for infinite gain and gain of 100.
{c} The simulated effect of gain on the filter frequency response,
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* Fig. 6 (a} A switched capacitor differentizl integrator with MOSFET
sw:’gch transistors and important parasitic capacitances. (b) An
equivaient symbolic representation. {c) The simulated effect of
top-plate parasitic on the frequency fesponse.

upen-loop gain of 1000, and the filter response shows a de gain
error of 0.02 dB and passband deviation of less than 0.02 dB.
Hence, for this example, opamps with 2 gain of 1000 are
sufficient.

C. Parasitic Capacitances

An MOS differential switched capacitor integrator is shown
w Fig. 6(a). The gate-to-diffusion overlap capacitance, labeled
C . will feed a portion of the clock signal, ¢, , onto the output.
The effect of this feedthrough is to produce a dc offset voitage
# i output of the integrator [11]. Self-aligned MOS tech-
n - wies with small overlap capacitances can be used to greatly
tedace this effect,

It is more important to consider the parasitic capacitances
asociated with the inverting (upper as drawn) and noninvert-

809

002+ PASSBAND
DEVIATION
a8 ¢
| c
a.0 099 ()
660 %000 3000
e =~ | &
Cc
-0.0i - Lo {22)
u
-0.02 J

Fig. 7. Simulated deviations in the passband for the fifth-order filter
for variations in the capacitor ratio of the third integrator.

ing (lower as drawn) plates of the switched capacitor C,
labeled Cy and Cp, respectively, in Fig. 6(b). First, consider
the parasitic Cg, which will be charged to V¥, when the
switches are thrown to the left. When the switches are
thrown to the right, Cg is discharged to ground, and thus has
no effect on the charge stored on ;. On the other hand,
when the switches are to the left, the parasitic connected to
the inverting plate C, is charged to ¥,,.and when the
switches are subsequently thrown to the right, €4 is dis-
charged onto the integrating capacitor. ‘Hence, €4 con-
tributes an error charge whose effect must be minimized in
the filter design.

Fig. 6(c) shows the simulated effect that the inverting-plate
parasitic capacitance has on the frequency response of the
fifth-order Chebyshev low-pass filter. When C4 =0, the ideal
response is obtained. (All other parameters are assumed ideal.)
The lower trace of Fig. 6{c)is for the case when Cy =0.01 C,,.
In this case, there is a dc gain error of 0.25 dB, and a slight
peaking of (.05 dB in the response. The amount of this
peaking error which can be tolerated in a given application
determines the minimum size of C, relative to the inverting-
plate parasitic. For typical monolithic MOS realizations, C,
ranges from about 0.5 to 2.5 pF.

D. Capacitor Ratio Errors ‘

As mentioned in Section III, the doubly terminated RLC
fadder filter is very insensitive fo component variations when
there is maximum power transfer between input and output.
The fifth-order switched capacitor low-pass ladder of Fig. 4
has been simulated for £1-percent variations on all integrator
capacitor ratios with a nominal design having a total passband
ripple of 0.1 dB, with a cutoff frequency of 3.4 kHz when
clocked at 128 kHz. Asshown in Fig. 7, the worst case devia-
tion in the passband was only £0.022 dB which agrees well
with the sensitivity of the passive RLC prototype as described
in Section III. In addition, previous work has shown that
monolithic capacitor ratios can be easily matched to within a
few tenths of a percent accuracy [14], and hence the typically
observed passband variations due to capacitor ratio errors will
be less than £0.022 dB for monolithic MOS realizations of this

filter.

E. "Noise Considerations

There are two primary sources of noise in switched capacitor
ladder filters. The first is due to the thermal noise of the MOS
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Fig. 8. Output noise -spectrum: for a third-order elliptic low-pass

switched capacitor ladder filter.

switch transistors, and the other primary source of noise is the
opamps, which for this design typically have an rms equivalent
input noise of 50 uV. In many cases, this is the dominant
source of noise.

The complete noise analysis of the switched capacitor ladder
filters is quite complicated. In general, it can be stated that
the output noise of the filter is composed of contributions
from each amplifier and each switched capacitor. The amount
of each contribution at the output is determined by transfer
function from the noise source to the output. The filtering of
internal noise sources is evident in the output noise spectrum
of Fig. 8, which was taken from the third-order elliptic filter
which will be described in Section VL

F. Frequency Limitations
The maximum sampling frequency for MOS switched capaci-
tor ladder filters is determined by the settling time characteris-
tics of the MOS opamps. As the passband frequency is in-
creased relative to the clock rate, large signal charactedstics
such as the slew rate become important and ultimately deter-
mine the maximum cutoff frequency relative to the clock rate.
The switched capacitor filters described in this paper operated
satisfactorily at a maximum clock rate of about 400 kHz,

The minimum sampling rate is determined by leakage cur-
rents in the reverse-biased p-n junctions which cause 3 dc
voltage drift which is typically on the order of 10 mV/s, as-
suming a I-pF capacitor, 100 um? of junction area, and 2
thermal leakage current density of 10 nA/em®, This effect
limits the minimum sampling frequency to a few hundred
hertz, ‘

V. EXPERIMENTAL RESULTS FOR FIVE-POLE
Low-Pass FILTER
In this section, results are presented for a fifth-order
Chebyshev all-pole low-pass ladder filter. The filter has been
integrated using an n-channel metal-gate depletion-load process
with 10-um minimum feature sizes.

A. NMOS Operationd Amplifier ' .

A 'differentia.l amplifier is required to implement the
switched capacitor integrators used in the active ladder filters,
Fortunately, as mentioned in Section IV, relatively low-
performance opamps are required. For example, the opamp
shown schematically in Fig. 9 which has been used to imple-
ment the filters is a simplified version of a recently reported
design [10]. Tt features a dc open-oop gain of 1000 with a

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 8C-13, NO. 6, DECEMBER 1978

Vop = 7.5vours Coomn = 10 pF

l’—'-—lf_“——m
!

o—t
Vin
:
Vo = = 7.5vouTs JF DEPLETION mMoSFET
Vg = =12.5voLrs ;jr« ENHANCEMENT MOSFET

Fig. 9. NMOS depletion-load opamp.

TABLE {
MEASURED NMOS OPERATIONAL-AMPLIFIER PERFORMANCE PARAMETERS

Powet Supplles VDD = 7.5v
VSS a ~7.5v
VBB = ~12. 5v

BC Open Loop 1000

CHRR 54 dB

PSRR 46 dB

Unicy Gain Bandwidth 1 MHz ,

Slew Rate 1.0 v/psee

-
Power Dissipatien & oW
2
Dfe Acea 600 mil

power dissipation of 6 mW. Tabie I summarizes the measured
parameters for this opamp.

B. Fifth-Order Low-Pass Ladder Filter

The fifth-order all-pole low-pass filter shown schematically
in Fig. 4 has been integrated in NMOS technology. It was
designed for the response of Fig. 2(b) with a sampling rate of
128 kHz. The measured frequency response of Fig. 10 shows
very close agreement with the expected design values,

Table II summarizes the measured parameters for the fifth-
order low-pass filter. The output noise in the frequency band
from 300 Hz to 3 kHz is 180 HV:ims, and the output voitage
for I-percent total harmonic distortion (THD) is 2.7 Vs,
Using these numbers, the dynamic range for this filter is calcu-
lated to be 83.5 dB.

A die photo of the experimental chip is shown in Fig. 11.
The opamp, shown in the lower left corner, was integrated in
an area of about 400 mil®. The upper section of the chip con-
tains the fifth-order switched capacitor low-pass ladder filter.
The five opamps are embedded in the center with the integrat-
ing capacitor arrays around the edges. The integrating capaci-
tors range in value from about 10 to about 40 pF using a
standard switched capacitor size of about 2.3 pF. The overall
die size is about 100 mil by 100 mil, while the fifth-order
filter itself is about 90 mil by 70 mil.
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Fig. 10. (a) Measured response for the fifth-order Chebyshev switched
capacitor ladder filter clocked at 128 kHz. {b) The details of the
passband.

811

Fig. 11. Die photo for the fifth-order allpole low-pass switched
capacitor filter, Bottom edge of chip contains test devices.

TABLE IT «
MEASURED FILTER PARAMETERS FOR THE FiFTe-ORDER CHEBYSHEV G,
Low-Pass LADDER Frotex —H
I, VeI
Clock Frequency 128 kHz -\i° @t 2w ®
R L bz Iaf I
Ripple Bandwidth 3400 kz Vi Gt VtaRey FR, Veur
s Jan
Total Passband Ripple 0.1 ¢B N ()
RMS Output Voltage (1% THD) 2.7 b .“l{ ®
> = &
RMS Noise (300~3kHz) 180 wv Ry I, Lz Iz_l_ Is
(300-50kH2) 135 1 t Crecal t ') g4, v
e v e Vzi yilz_y |- ° Your
PCaeC
Dynamic Range B3.5 dB I ¥GrCs Iy CarCa
FPower Dissipation 30 uw 7 ‘ ® ) .
- ) Fig. 12. (2) An RLC third-order elliptic low-pass filter, (b} An
Filter Die Area 6600 mil equivalent form.

VI FINITE TRANSMISSION ZEROS
A. Implementation Using Integrators/Surmnmers

The addition of finite transmission zeros to the filter fre-
quency response has great importance in many applications.
The transmission zeros are easily obtained by adding shunt
elements to the passive RLC prototype. For example, by
adding the shunting capacitor €, across £, in Fig. I2(a}, a
complex transmission zero pair‘is obtained at the resonant
frequency of the series arm given by

wiierg = [Cng]_sz. (10)

Intuitively, it is clear that C; feeds a portion of ¥V,
furward to node B, and a portion of ¥ back to node 4.
Analytically, we can represent this by solving for ¥} and V,:

(o - I2) ( C; ) 11)
= +V. (
i (G, +G) P\ +C, .
and ’
(a - 1) + ( C,; ) (12)
F e | ——],
Va S(Cz + Ca) 1 Cz + C3

Using these relationships, the RLC eiliptic filter can be repre-
sented in the equivalent form of Fig. 12(b).

Equations (11) and (12) show that the realization of ¥, and
Vs requires a circuit which simultaneously performs the
operations of integration and summation, This building bjock
is shown in Fig. 13, where the summation is achieved by add-
ing the capacitor Cg to the standard switched capacitor
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V,
B =

Fig. 13. A switched capacitor integrator/summer.

integrator.  Since the summation is inverting, the final
switched capacitor circuit configuration must be slightly
modified so that ¥, and V3 are of the opposite sign
f13], {17}

A switched capacitor equivalent of the third-order elliptic
low-pass filter of Fig. 12(b) is shown in Fig. 14. Notice that
only three opamps are required. The transmission zeros are
realized by adding the feedback capacitor labeled Cc, on the
left, and the feedforward capacitor labeled Ce, on the right.
No additional opamps are required to unplement transmission
zeros, and since the summation terms are also determined by
capacitor ratios, high precision is obtained in monolithic MOS
implementations.

B. Design Example for g Third-Order Elliptic Filter
The first step in the design procedure is to determine the

element values for Fig. 12(a) from standard tables which are

normalized for a cutoff frequency of 1 rad/s [16]. In this case,
the desired parameters are 0.117-dB passband ripple, a mini-
mum stopband rejection of 30.41 dB, and a nomalized zero
frequency of 2.6 rad/s. The normalized element values are

R =R, =18 13(a)
C, =1.0855 F 13(b)
C; =0.1466 F 13(c)
C; =1.0855F 13(d)
L, =1.0090 H. 13(e)

The next step is to calculate the capacitor ratios for a cutoff
frequency of 3400 Hz (21363 rad/s and a zero frequency of
8.84 kHz when clocked at 128 kHz (referring to (5) and (8)
and Fig. 12(b)).

Coec, f(C+C)
= =7.3824 14(a
Cu Weo . )
Co, felL, :
—& = = 6.0456 14(b
Cu o 4)
Ceve, F(G+CG) '
= =7.3824 14{c
Cu Weo 4e)
and for the zero-forming capacitor ratios,
Ce C,
=2 20119 15(2)

CC, +C, G+ G

and
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Fig. 14. A switched capacitor equivalent of the third-order elliptic
low-pass filter.

t-l:ijég

iﬁ,{ﬁwi

F1g 15. Die photo for the third-order elhptxc !ow-pass switched
capacitor ladders fiiter,

C C -
e o 0119,

Cevc, C1G
Finally, a minimum value for the switched capacitor ), is
chosen based on the considerations described in Section Iv,
and the integrating and zero-formmg capacitor values are then
calculated from (14) and (15). Experimental results for an
NMOS monolithic version of this filter are presented in the
next section.

15(b)

C. Elliptic Filter Experimental Results

The switched capacitor third-order elliptic filter of Fig. 14
has also been integrated using the same process and opamp
described earlier, and is shown in the die photo of Fig. 15.
The filter was designed to meet the specxﬁcat:ons of the design
example given above when clocked at 128 kHz. The measured
response of Fig. 16 shows very close agreement with the ex-
pected design values. The zero insertion loss for this filter is
achieved by doubling the size of the input switched capacitor,
labeled 2C,, in the schematic of Fig. 14, Table III summarizes
the measured filter performance for this filter, The increase in
dynamic range to 90 dB is due to the presence of fewer noise
sources, as discussed earlier in Section IV,

In Fig. 15, the integrating capacitors are each about 20 pF,
while the small (2-pF) capacitors directly to the left of the
first and third integrating capacitors are used to implement the
transmission zeros. The overall die size is about 40 mil by
110 mil.

VII. GENERAL DESIGN CONSIDERATIONS

There are a variety of possible circuit configurations using
MOS switches, capacitors, and opamps wluch can be used to
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Fig. 16. (2) Measured response for the third-order elliptic switched
capacitor ladder filter clocked at 128 kHz. (b) The passband details.

TABLE I
MEASURED FILTER PARAMETERS FOR THE THIRD-ORDER ELLIPTIC
Low-Pass LADDER FIiTer

Clock Frequency 128 kHz
Ripple Bandwidth 3400 Hz
Total Pasgband Ripple‘ ) 0.154dp
Minimum Stapband Rejection 30.4 43
RMS Cutput Voltage (12 THD) 2.6 v
RMS Noise (300-3 kiiz) 80 v
Dynamic Range 90 dB
Power Dissipation i8 mW
Filter Die Area 4400 milz

implement active ladder filters. Some general design con-
siderations for these circuits are summarized below,

1] All Nodes are Connected to a Voltage Source or Virtug]
Ground Except When Being Switched: A node which is only
connected to capacitors is particularly sensitive to parasitic
capucitances connected to that node, and charge sharing be-
weern capacitors introduces extra poles which complicates the
#i:iiesis procedures. High-impedance capacitive nodes are
it to charge buildup through leakage currents, ultraviolet
radiation, and powerup transients, and therefore should be
noided in switched capacitor circnits.

2} Minimize the Number of Opamps:

i

MOQOS opamps con-
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sume a major portion of the required die area, and almost all
the power in switched capacitor filters. In the active ladder
circuits, there is a need for arithmetic functions such as multi-
plications by fixed factors, sign inversions, and summing and
differencing in addition to integration. In the circuits which
have been described, these operations were performed by
using MOS switches and capacitors in conjunction with opamp
integrators.

3) Positive Opamp Inputs Should be Connected to a Con-
stant Bias Voltage: 1f this rule is violated, the response of the
circuit depends on the parasitic capacitances connected to the
opamp inputs. These parasitics can induce errors, and con-
siderably complicate the design procedure. :

When signals are applied to both opamp inputs, the common-
mode performance of the amplifier becomnes important since
CMRR and common-mode range limitations can also induce
errors in the filter response. By observing this rule, there are
o pure common-mode signals, and this problem is eliminated.

4) The Capacitor Plate with the Most Substrate Parasitic
Capacitance Should be connected to the Noninverting Input of
the Switched Capacitor Differential Integrator: As mentioned
in Section IV, the inverting-plate parasitic capacitance deter-
mines the minimum switched capacitor size for a given toler-
ance in the frequency response, while bottom-plate parasitics
have no effect on the response. -

The first two rules just listed can be contradictory; hence,
the designer must decide on their relative importance. For
example, in certain cases it has been shown that the number of
opamps can be reduced to decrease the power and area Te-
quirements if rule 1 is violated [9], [10]. However, the design
was considerably- more complicated and more semsitive to
parasitics than for this paper, where the rules were observed in
their order of importance as previously listed.

VIII. CoNCLUSIONS

A new approach for realizing precision monolithic high-order
filters in MOS technology has been described. This approach
uses MOS switched capacitor integrators with gain constants
determined by capacitor ratios to achieve excellent processing
and temperature stability. By using these integrators in the
active ladder configuration, precise frequency responses are
obtained which are very insensitive to component variations.
Results were presented for two different monolithic filters.
The first circuit implemented a fifth-order Chebyshev all-pole
low-pass response, and achieved a dynamic range of 83 dB
with power dissipation of 30 mW. Sampling rates of 128 kHz
were used to reduce the antialiasing prefilter requirements.
The second circuit realized a third-order elliptic low-pass
response, and achieved a dynamic range of 90 dB with a
power dissipation of 18 mW.

This approach is applicable to bandpass filters [17], and by
using weighted integrating capacitor arrays, programmable
filters may be designed.
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Fully Integrated Analog Filters Using Bipolar-JFET
Technology |
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Abstract—A new approach for realizing high-order analog filters which
can be fully integrated using a compatible bipolar and ion-implanted
JEET process is described, This approach is based on the recognition
that what is reaily needed is 2 long time constant monolithic integrator
which can be effectively reatized in a small silicon area. These integra-
tors have been designed, fabricated, and used in 2 “leapfrog” or active
ladder configuration to realize 2 fifth-order 8 kiz Chebyshev low-pass
filter with 0.1 dB passband ripple. No extemal trimming operations
and no anti-aliasing prefifter are required,

.

Manuscript received May 10, 1978; revised August 3, 1978, This re-
search was supported by the Nationat Science F oundation under Grant
ENG75-04986. This paper was presented in part at the Internationai
Solid-State Circuits Conference, San Francisco, CA, February 1978.

The authors are with the Department of Eléstrical Engineering and
Computer Sciences, University of California, Berkeley, CA 94720.

I. INTRODUCTION

REQUENCY selective circuits are widely used in com-
munications and control systems.- In many cases, these
filters must cut off sharply and must have small passband
ripple.  These tight specifications can only be met with
precision high-order filters. Conventional RC active filters
which use thin film or hybrid technologies often require ex-
ternal trimming [1], [2]. From the standpoint of cost effec-
tiveness, it is desirable to realize a fully integrated filter system
which requires small silicon area and 1o external timming
operations.
Two promising approaches to realizing high-order mono-
lithic filters are the charge-coupled device (CCD) fitering
technique, and the switched capacitor metal-oxide-semicon-
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